plement-mediated functions in neonates (9, 11, 25 
relative to cephalothin or Saline controls (P < 0.02). Mortality &old New Zealand white rabbits (Rich-Glo, El Campo, Texas).
rates among the former three groups were high (64432%) k t The dynamics of bacterial infection were initially determined in significantly less than in saline or cephalothin-treated rabblts nine 7-d-old rabbits. ~l~~d and CSF for quantitative culture were (100%). 1n this neonatal model of f~lminant sepsis with early obtained hourly from groups of three rabbits until all animals meningitis, moxalactam provided no therapeutic advantage over were dead. ampicillin or chloramphenicol.
Blood and CSF cultures. Ketamine hydrochloride (Bristol Laboratories, 44 mg/kg IM) was used for sedation of animals Abbreviations during procedures. Cardiac puncture was done to obtain 0.1 ml BHI, brain heart infusion blood. This was added to 0.9 ml Columbia blood culture broth CFU, colony forming units (Difco) and kept on ice until quantitative cultures could be done CSF, cerebral spinal fluid (within 2 h). Serial 10-fold dilutions of each blood broth mixture IM, intramuscular were made in sterile saline. Duplicate 50-pl samples of each IP, intraperitoneal dilution were cultured on EMG-agar (Difco) plates and incubated MBC, minimum bacteriocidal concentration at 37°C overnight. The initial blood culture tubes were also kept MIC, minimum inhibitory concentration at 37°C and checked for growth if plate cultures were negative. The minimum number of organisms detectable by this method was 10 CFU/ml, although accurate quantitation was only possible for blood samples with 200 CFU/ml or more. The outcome of human neonatal gram-negative meningitis CSF was obtained by cisternal puncture using a neonatal scalp remains grave. Mortality ranges from 15-30% and sequelae vein infusion set with a 25 gauge needle (Argyle, Sherwood occur in 30-50% of survivors (17, 18) . Poor prognosis has been Medical, St. Louis, MO). A short length of plastic tubing was associated with sub-optimal CSF antibiotic concentrations, per-connected by luer lock to the infusion set to allow application of sistently positive CSF cultures, and ventriculitis (16) (17) (18) . Mox-gentle mouth suction during the procedure. CSF with visible alactam, a third generation cephalosporin, has potent activity in blood contamination was discarded. Traumatic taps occurred vitro against Enterobacteriaceae and penetrates well into CSF rarely and were usually due to insuff~cient sedation, or insertion (22) . Preliminary therapeutic trials in animal and human men-of the needle too deeply. Duplicate 10-pl samples of CSF were ingitis have been promising (22, 23) and suggest that this anti-spread on each of two EMB plates and incubated overnight at biotic may be useful in neonatal infection; however, several 37°C. Where possible, a single 100-p1 sample was also plated to features of meningitis in newborns suggest there may be a limit increase sensitivity of detection from 100 to 10 CFU/ml. Postto the efficacy of antibiotic therapy alone. Bacteremia is present mortem cultures were not quantitated unless obtained immediin approximately two-thirds of neonates with gram-negative ately after death. meningitis; sepsis, shock and disseminated intravascular coaguInfant rabbits tolerated repeated cardiac and cisternal taps lation may occur (8, 19) . Fulminant disease and death during well. In preliminary pharmacokinetic studies in uninfected rabthe first 2 d of therapy is not uncommon (3, 12) . Immaturity bits, there were no procedure-related deaths even though each may contribute to the severity of infection due to relative defi-animal received up to six cardiac and cisternal punctures over a ciencies in humoral, phagocytic, reticuloendothelial, and com-12-h period.
termined by aga; disc diffusion using 150-mm petri dishes and 20-pl volumes of serum or CSF. Indicator organisms and agar were as follows: E. coli (strain Blake) in antibiotic medium #1 (Difco) for moxalactam; Aeromonas hydrophila (Minnesota #2 strain, kindly provided by R. Boshard, Clinical Microbiology Laboratories, University of Utah) in Columbia agar (Difco) for chloramphenicol; Bacillus subtilis spores (Difco) in nutrient agar (Difco) for ampicillin and cephalothin (2) . Antibiotic standards were included in duplicate on each plate. Serum standards were diluted in pooled normal rabbit serum and CSF standards in phosphate buffered saline, pH 7.4. Sensitivity of the assay (pgl ml) for each antibiotic was the following: moxalactam, 1.0; chloramphenicol, 2.5; ampicillin, 1.0; and cephalothin, 0.5.
Statistical analysis. Fisher's exact or chi-square tests were used to compare differences in bacteremia, meningitis, and survival between groups. Quantitative blood and CSF bacterial counts were compared using Student's t test.
FULMINANT E. COLI 315
Treatment studies. A total of six antibiotic treatment studies Table 1 . Antibiotic regimens used to treat E. coli Kl sepsis and were done with dosage regimens and controls as noted in Table  meningitis Lilly and Co., Indianapolis, IN) was determined by standard tube dilution technique using Mueller-Hinton broth (Difco) and
an inoculum of lo6 E. coli MIC was defined as the lowest 35: night at 37'C. MBC was defined as the lowest antibiotic concentration (pg/ml) that killed 99.9% of the original inoculum (<lo Animal model. IP injection of infant rabbits with lo7 E. coli resulted in a rapidly progressive infection with bacteremia in 91 9 animals, meningitis in 719 animals and death in all untreated animals. These results were validated in subsequent experiments involving 29 infected rabbits treated with saline. The course of infection was the same for 7-and 14-d-old rabbit pups. The concentration of E. coli in the blood remained stable throughout the course of infection whereas there was a gradual increase in CSF bacterial counts from a mean of CFU/ml at 2 h to 104.4 CFU/ml at 8 h (Fig. I) . The first sign of illness, mucoid green diarrhea, appeared 4-5 h after IP injection. Terminally, pups had progressive hypothermia, lethargy, and hypotonia with slowed respirations. No seizure activity was noted. All deaths in untreated animals occurred between 6-10 h after IP injection.
Treatment studies. The results of the first treatment experiment are shown in Figure 2 . There was a significant reduction in bacteremia and meningitis (P < 0.01) and improved survival sam . colonies after overnight incubation). Table 2 . Before therapy all groups had a similar incidence and degree of bacteremia and meningitis. The mean bacterial concentrations (loglo CFU/ml) ranged from 4.4-4.8 in the blood and from 1.8-2.3 in the CSF. The mean loglo CFU/ml(& 1 SD) of blood was higher in animals with meningitis (5.2 + 0.8) than in animals with bacteremia alone (4.4 + 1.0), but these differences were not LAW ET AL. statistically significant. A single dose of moxalactam, chloramphenicol, or ampicillin significantly reduced the incidence of bacteremia and meningitis compared with cephalothin or saline ( P < 0.02). The infrequent positive post-treatment blood and CSF cultures in the moxalactam, chloramphenicol, and ampicillin groups occurred only in rabbits dying after a single antibiotic dose, with one exception. This was in an animal treated with ampicillin who died 3 d after therapy was discontinued. Postmortem blood and CSF cultures both grew E. coli.
The majority of deaths in all groups occurred within the first 16 h of infection between the first and second dose of antibiotic or saline. Animals treated with chloramphenicol had a significantly higher early survival rate relative to those receiving moxalactam, cephalothin, or saline (P < 0.02). Ampicillin improved early survival relative to the saline group only ( P < 0.02). There were no differences in terms of overall survival among animals treated with moxalactam, chloramphenicol, or ampicillin. All three groups had a better outcome than saline-treated animals ( P < 0.03) whereas only the moxalactam and chloramphenicol groups had significantly improved survival compared with the cephalothin group ( P < 0.05).
The MIC/MBC (pg/ml) for each antibiotic against the challenge E. coli strain were the following: moxalactam, 0.06/0.06; ampicillin, 0.511 .O; cephalothin, 0.510.5; and chloramphenicol, 41128.
Antibiotic concentrations in blood and CSF 2 h after the first dose are shown in Table 3 . Serum concentrations of all four antibiotics exceeded the E. coli MIC by a large margin. Moxalactam, ampicillin, and chloramphenicol achieved CSF concentrations in excess of the MIC but cephalothin was not detectable (-=0.5 pglml).
DISCUSSION
Direct intracisternal inoculations of bacteria into adult rabbits is frequently employed to study the penetration of antibiotics into CSF and the associated bacteriologic effects (6) . The disadvantages of this model for the study of newborn meningitis include the route of infection, the age of the animals, the low incidence of ventriculitis (7), and the lack of systemic sepsis. Neonatal rat models also have limited value in therapeutic studies because the animals are usually sacrificed in order to sample CSF reliably (4, 10) . A recently described neonatal guinea pig model (24) proved impractical due to the small litter size (two to four pups per litter) and the long, unpredictable gestation period (59-72 d) of guinea pigs.
We chose to use infant rabbits because their body size allows repeated blood and CSF sampling and similarly aged litters of seven to ten pups are readily available. Other advantages of our model are the young age, the reproducibility of infection and the similarity to severe human disease, in which systemic sepsis with early death is described. A disadvantage in using small animals (80-150 g) is the limited volume of blood and CSF which can be safely withdrawn over a short period of time. For this reason, we did not attempt to do pharmacokinetics in infected rabbits nor did we follow CSF parameters of inflammation such as cell count, protein, and sugar. The rapid course of infection from initiation to death (usually <24 h) made it unlikely that evidence of meningeal inflammation such as leukocytosis, hypoglycoracchia, or elevated protein would be present (15) . To ensure that subcutaneously administered antibiotics were adequately absorbed, a single blood and CSF antibiotic concentration was measured 2 h after the first dose in five animals from each treatment group. The results shown in Table 3 indicate that therapeutic serum and CSF antibiotic concentrations were achieved with all drugs except cephalothin in CSF. ,The low CSFI serum antibiotic concentration ratios observed for moxalactam and ampicillin probably reflect a lack of CNS inflammation 6 h after initiation of infection. The overwhelming nature of the untreated infection in our model made it essential to assess whether the presence of meningitis was a factor in mortality; hence, we first compared moxalactam with cephalothin. Because The fact that 85% of the group developed and subsequently died with meningitis suggests that seeding of the CNS with bacteria occurred in the majority of rabbits before the first antibiotic dose. The low yield of positive CSF cultures early in the course of infection may have been due to colony counts less than lo2 CFU/ml in cisternal CSF. The outcome in animals treated with cephalothin has a human clinical parallel in the occurrence of "partly treated" meningitis when drugs with limited ability to penetrate CSF are used to treat bacteremic infections (14) . Moxalactam, chloramphenicol, and ampicillin were equally effective in sterilizing the blood and CSF. The therapeutic response to chloramphenicol was surprising in view of its bacteriostatic activity against Enterobacteriaceae (20) . Results have been equivocai (1 ;2 1,26) using chloramphenicol in both clinical and animal studies of gram-negative meningitis. In our study, none of the surviving rabbits treated with chloramphenicol(100 mg/kg/day) relapsed, although the observation period of 72 h may not have been long enough. The low CSF bacterial concentrations at the beginning of therapy may also have been a factor in the demonstrated efficacy of chloramphenicol; however, we have found that chloramphenicol is bacteriostatic against this strain of E. coli even when tested against an inoculum of 10' CFU (MIC/MBC = 2/64 pg/ml). Survival in the first 16 h of infection was significantly better with chloramphenicol than with moxalactam. One might speculate that the bactericidal activity of moxalactam may have produced rapid in vivo bacteriolysis with release of toxic bacterial products such as endotoxin. This would not be expected with a bacteriostatic drug such as chloramphenicol.
Despite rapid sterilization of blood and CSF by moxalactam, chloramphenicol, or ampicillin, the mortality rates in our model ranged from 64-82%. These results suggest that antibiotic therapy alone may have limited efficacy in preventing many of the early deaths seen in fulminant neonatal gram-negative meningitis. Recent studies have demonstrated that white cell transfusions and fresh frozen plasma may improve survival in neonatal sepsis and meningitis (5, 13) . Specific antibody to surface antigens of gram-negative bacteria and drugs with anti-endotoxin or antiinflammatory activity should also be evaluated. Our model provides an appropriate system for examining the efficacy of such adjunctive therapies.
